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In amphibian embryos, activation of additional sodium pumps in neural plate cell membranes ensures that neural
plate-derived neurons differentiate subsequently in the neural tube. When the sodium pump is inhibited during the
mid-neural fold stages, neuronal differentiation fails. The effect is irreversible. We find that these events operate through the
Na pump b3 subunit. When neural plate-specific Na pumps are activated, transcripts for b3 decline precipitately during the
id-neural fold stages, first in the neural plate and then in the dorsal mesoderm. As the neural tube closes, b3 returns,
specifically in motor neurons and interneurons. Inhibition of the Na pump with the cardiac glycoside strophanthidin
prevents the normal fall in b3 during neurulation: b3 is maintained in the neural plate until the neural tube closes, but lost
rom the dorsal mesoderm. Complete elimination of b3 transcripts from dorsal structures then occurs. Inhibiting the Na
pump does not induce cell death (assessed by TUNEL staining) in the nervous system. Transcripts for X-Delta, NeuroD, and
GSK3b are not affected by inhibition of the Na pump. Xotch and N-tubulin transcripts fall to very low levels and Xotch
isappears permanently from the nervous system. When b3 transcript expression is maintained throughout neurulation, by
over expression of injected mRNAs, Xotch is eliminated from the neural tube and somites and switches to the
ectoderm. © 2000 Academic Press
Key Words: sodium pump; embryo; Xenopus; neuronal differentiation; nervous system; neural plate; neurulation; b
subunit; Xotch.INTRODUCTION
The sodium–potassium-activated ATPase (the sodium
pump) is found in all animal cells, where it catalyzes the
translocation of sodium and potassium across cell mem-
branes and plays an essential role in maintaining ionic and
osmotic equilibrium of the cell. However, this has not
precluded evolution of the Na pump to fulfill additional,
more specialized functions, such as the generation of the
fluid-filled cavities in the embryo (e.g., Slack et al., 1973;
Biggers et al., 1978). A specific role during the formation of
the nervous system has been revealed in amphibian em-
bryos. Additional Na pumps are inserted into the mem-
branes of neural plate cells as the neural folds begin to lift,
become functionally active about 1 h later (Blackshaw and
Warner, 1976a), and generate a rapid fall in intracellular
sodium in neural plate cells (Breckenridge and Warner,
1982). The additional pumps are located on the basal
surface of deep neural plate cells (Davies et al., 1996). p
168Functional activation of the Na pump is signaled by a large,
electrogenic addition to the membrane potentials of neural
plate cells, but not nonneural ectoderm cells (Blackshaw
and Warner, 1976a). The neural plate-specific, Na pump-
driven current is inhibited by specific blockers of the
sodium pump such as the cardiac glycoside strophanthidin
(Blackshaw and Warner, 1976a). When the sodium pump is
inhibited during neurulation, Central Nervous System neu-
rons fail to differentiate after the neural tube closes. The
effect is confined to a narrow, 2-h window during the
mid-neural fold stages and the differentiation of other cell
types, such as PNS neurons and myotomal muscle, is not
affected (Messenger and Warner, 1979). The catastrophic
consequences of inhibiting the sodium pump for neuronal
differentiation imply a central role during the early devel-
opment of the nervous system.
How are these neural plate-specific Na pumps controlled?
Three subunits, a, b, and g make up a functional sodium
ump. The catalytic element of the enzyme, responsible for
0012-1606/00 $35.00
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169Na Pump b3 Subunit and Neuronal Differentiationtranslocation of Na and K, is provided by the a subunit. The
b subunit targets the enzyme into the membrane and
nteracts with the a subunit to determine the functional
properties of the pump, while the role of the g subunit
emains obscure. An a and a b subunit are necessary and
ufficient to generate a functional heterodimer. At least
hree isoforms have been described for both a and b sub-
units, allowing diversity to be generated by combining
isoforms to give heterodimers with different functional
properties. The generation of membrane inserted, func-
tional Na pumps can be controlled by availability of the a
subunit, the b subunit, or both subunits; any a subunit can
ombine with any b subunit to construct a functional
ump.
In Xenopus we (Davies et al., 1996) detected a new,
mbryonic a1 isoform, which differed in the 59 untranslated
egion of the mRNA and lysine box region of the protein
rom the a1 isoform previously cloned from the A6 Xenopus
kidney cell line (Verrey et al., 1989). There was extensive
developmental regulation of both transcript and protein
expression of this isoform in Xenopus embryos between
fertilization and closure of the neural tube. However, ex-
pression of the embryonic a1 isoform mRNAs neither
tracked the functional changes in Na pump activity during
the neural plate stages nor matched the spatial distribution
of membrane-inserted Na pump protein. We concluded that
it was unlikely that this a isoform was involved in control-
ing the expression of functional neural plate-specific Na
umps, but were unable to detect any other a isoforms.
Alternatively, regulation of one of the b subunit isoforms
ay control (and be controlled by) Na pump activity during
eurulation. Studies on adult mammalian tissues have
dentified three b isoforms: b1, b2, and b3 (see Chow and
Forte, 1995; Malik et al., 1996). In Xenopus b1 and b3
isoforms have been cloned (b1, A6 kidney cell line (Verrey et
al., 1989); b3, adult brain (Good et al., 1990)). Here we
xamine the spatial and temporal expression of b3 subunit
transcripts and how they respond to activation and inhibi-
tion of the sodium pump. We then explore the relationship
between Na pump activity and transcripts for Xotch,
X-Delta, NeuroD, GSK3b, and N-tubulin, genes that are
nown to be intimately involved with the control of early
eural development. The behavior of b1 was different from
b3 at all stages examined and will be considered in detail
elsewhere (N. Messenger, P. H. Williams, and A. E. Warner,
in preparation).
METHODS
General methods. Adult Xenopus laevis were induced to lay
eggs by injection with chorionic gonadotrophins (either Chorulon
or Pregnyl, Organon Ltd.) into the dorsal lymph sac. Females
received 600 IU, males 400 IU. Fertilized eggs were produced either
from natural matings or by gentle squeezing of adult females to
induce egg laying, followed by in vitro fertilization with a sperm
lurry. Fertile eggs were maintained in dilute salt solution (10 mM
aCl, with 0.1 mM KCl, CaCl2, Hepes buffer, pH 7.0) until they
Copyright © 2000 by Academic Press. All righteached the required stage, when the jelly coats were stripped by
rief treatment with 2% cysteine in Holfreter’s solution at pH 8.0.
Microinjection. Glass micropipets were pulled on a conven-
ional glass microelectrode puller, the tip broken to between 2 and
mm, and the solution to be injected sucked into the tip with a
Narashige microinjector. A small drop (approx. 2 pL) was injected
into each embryo and the embryos then maintained until the
required stage of development.
Analysis of RNAs. At the required stage embryos were frozen
rapidly in minimal fluid. For analysis, embryos were homogenized
in buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 1% SDS, 0.3 M
NaCl) and extracted twice with phenol/chloroform at room tem-
perature, followed by ethanol precipitation at 220°C to give total
RNAs.
Northern blotting. Total RNA from the appropriate stages was
treated with DNAse to remove contaminating DNA, separated on
denaturing formamide–agarose gels, and transferred to nylon mem-
branes (Hybond N1; Amersham, UK). Filters were hybridized with
a 59 end fragment from the b3 clone. Probes were labeled by
andom-primed synthesis and filters washed according to the
anufacturer’s protocol.
RNAse protection assays. RNAse protection assays were car-
ied out as described by Melton et al. (1984). Briefly, probes were
ranscribed at 37°C for 60 min and template removed with RNAse-
ree DNAse. Probes were gel purified and coprecipitated with RNA
xtracted from five embryos. Pellets were resuspended in 40 mL
hybridization salts (40 mM Pipes, pH 6.4, 1 mM EDTA, pH 8.0, 0.4
M NaCl) with 80% formamide, denatured, hybridized overnight,
and digested with RNAse T1. Protein was removed with 50 mg
proteinase K in 0.5% SDS. Samples were then phenol/chloroform
extracted, reprecipitated in ethanol at 20°C, pelleted, resuspended
in buffer, denatured at 80°C for 5 min, and run on a sequencing gel.
The following antisense probes were used: Na pump b3 (365 nt,
bases 425–789), Na pump b1 (469 nt 39 end), X-Delta (220-nt
fragment from the 39 end), Xotch (213-nt mid-coding region),
NeuroD (296 nt, 59 end), GSK3b (330 nt, 39 end; Pierce and
Kimmelman, 1995), N-tubulin (202 nt, bases 234 to 436; Good et
al., 1989). All samples were assayed simultaneously with an
ornithine decarboxylase (ODC) probe (gift of L. Dale, 90-bp pro-
tected fragments) to control for RNA loading. Quantitative esti-
mates of transcript levels were made by comparison with ODC
transcripts in each lane. For all RNAse protection assays control
DNA from M13 was run on the same gel and used to size the
products of the assay, with appropriate correction for differences
between RNA and DNA.
Identification of apoptotic cells. Embryos were processed for
TUNEL staining as described by Hensey and Gautier (1998),
embedded in methacrylate, and sectioned at 7 mm. Embryos were
analyzed at stages 18 and 26. The number of TUNEL-positive cells
in the nervous system was counted every fourth section (i.e., at
28-mm intervals) from anterior to approximately 320 mm posterior
to the point of appearance of the notochord (stage 18) or to the
rostral end of the spinal cord (stage 26) (approx. 700 mm).
In situ hybridization. Whole mount in situ hybridization was
carried out according to the method of Harland (1991), as described
in Davies et al. (1996). Stained embryos were dehydrated in a series
of alcohols and infiltrated (83% hydroxyethyl methacrylate, 17%
butoxyethanol, 0.1% benzoyl peroxide) for 2–3 h at RT, embedded
in methacrylate at room temperature overnight, attached to
chucks, and sectioned at 5–8 mm on a Sorvall TB-4 Microtome.
Transcripts were detected with the following antisense RNA
probes: b3 (880-nt 59 end fragment), Xotch (700-nt mid-coding
s of reproduction in any form reserved.
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170 Messenger and Warnerregion), X-Delta (2.5-kb full-length coding region fragment),
N-tubulin (202 nt, bases 234 to 436; Good et al., 1989). Sense
probes were used as controls and gave negligible stain. All probes
were precipitated with 0.8 M lithium chloride and ethanol at
220°C and stored in hybridization buffer at 220°C until ready for
use.
Overexpression of b3 mRNAs. Embryos at the one cell stage
were injected either with a csKa b3 sense DNA construct or with
sense b3 RNA transcribed from the CS21 construct, which gener-
ates relatively stable RNAs that are maintained during neurula-
tion. Approximately 40 pg DNA or 4 pg RNA was injected per
embryo. Embryos were maintained in 1/10 Ringer solution until
they reached the required stage when they were either fixed for in
situ hybridization or frozen for RNAse protection assay. Embryos
were observed after injection and scored for developmental abnor-
malities. The DNA construct had no externally obvious deleterious
effects. RNA constructs were more destructive, generating signifi-
cant numbers of dead, exogastrulating, and abnormal embryos.
Controls in which sense and antisense RNAs were injected simul-
taneously were no different from sibling, uninjected controls,
showing that the defects arose from manipulating b3. Injected and
ndogenous b3 transcripts were detected in the same RPA with a
probe that predicted bands at 440 nt for injected RNAs and 140 nt
for endogenous RNAs.
Photography. Sections were photographed on a Zeiss micro-
scope with Kodak Ectachrome tungsten reversal film. The result-
ant transparencies were scanned into Adobe photoshop with an
Epson Filmscan 200 or a Polaroid scanner. It proved effectively
impossible to achieve equivalent color rendering for all images; the
length of exposure and the methacrylate modified the colors
detected by both film and scanners and some adjustment from
within Photoshop was necessary. Gel autoradiographs were
scanned with a Umax 200 scanner or Biorad scanner. For quanti-
tative analysis, scanned images were analyzed with Biorad Ana-
lyzer or MacBas software. When gel autoradiographs were to be
printed, scanned images were imported into Photoshop and minor
adjustments made to brightness and/or contrast to improve repro-
duction on printing.
In all experiments where control and experimental embryos
were compared, sibling embryos were used and control and experi-
mental embryos were treated identically. Conclusions are based on
at least three separate experiments.
RESULTS
Northern blots of total RNA with a full-length b3 probe
(gift of P. Good) from Xenopus embryos between stages 14
and 35 revealed a single band at 1.8 kb (e.g., Fig. 1A: stage
17). Xenopus embryos express also a1 (Davies et al., 1996)
nd b1 transcripts (see Fig. 1B and Messenger et al., in
preparation). Does the temporal expression pattern for a1,
b3, or b1 match the functional alterations in Na pump
activity during neurulation? Additional, neural plate-
specific sodium pumps are inserted into neural plate cell
membranes around stage 13 and first become functionally
active when the neural folds begin to lift at stage 14–14.5
(Blackshaw and Warner, 1976a). Intracellular sodium in
neural plate cells then falls steeply (Breckenridge and
Warner, 1982). Both the membrane potential and intracel-
lular sodium in neural plate cells reach a new steady state
Copyright © 2000 by Academic Press. All rightbout 2 h later at approximately stage 17. Subsequently,
euronal differentiation is no longer sensitive to inhibition
f the Na pump (Messenger and Warner, 1979). Alterations
n Na pump subunit transcripts associated with events in
he neural plate would therefore be expected between stages
4 and 20.
a1 Transcripts increase gradually between gastrulation
and closure of the neural tube, and do not reflect alterations
in Na pump activity at the mid-neural fold stages (Davies et
al., 1996, and Fig. 8). b1 Transcripts showed little variation
etween the blastula stages and closure of the neural tube
Fig. 1B). However, b3 transcript levels matched closely the
lterations in functional activity of the Na pump and the
onsequent changes in intracellular Na. Temporal expres-
ion patterns for b3, determined with RNAse protection
assay are illustrated in Figs. 1B, 4, 5, and 7. Figure 1C plots
b3 transcripts relative to the ODC levels in each lane for a
ingle experiment in which data were obtained between the
4-cell stage and stage 25. Figure 1D summarizes changes in
b3 between gastrulation (stage 10.5) and closure of the
eural tube (stage 23) collated from several experiments (n
at least 4 for all time points). The most striking feature
as a fall in b3 transcripts during the mid-neural fold stages,
followed by a return as the neural tube closed. Between the
64-cell stage and stage 9, the mid-blastula transition, b3
transcripts fell (see, e.g., Fig. 1C). b3 Transcripts increased
etween the gastrula and early neurula stages (st 14), when
eural plate-specific Na pumps first switch on (Figs. 1C and
D). In all experiments there was a precipitate and highly
ignificant (P , 0.003, Fig. 1D) fall in b3 mRNAs at stage
17, when neural plate-specific Na pumps stabilize at a new
steady state. This was never detected until after stage 14. In
all experiments b3 transcripts then increased. The precise
timing of the subsequent increase in b3 transcripts showed
ome variation from batch to batch (reflected by the error
ar in Fig 1D), although in the majority of experiments b3
transcripts had increased again by stage 20. The experiment
illustrated in Fig. 1C shows the earliest recovery observed
(stage 18), while that of Fig. 1B shows the most extreme
delay (stage 23). The experiments of Figs. 4, 5, and 7
exemplify the majority of results.
The increase in b3 transcripts parallels the differentiation
of neurons. In situ hybridization showed that at stages 20
(Fig. 2) and 22 (Fig. 7) b3 was detected in presumptive motor
neurons and at later stages (Fig. 3) expressed specifically in
motor neurons and interneurons. The timing of the func-
tional differentiation of the first motor neurons shows
equivalent variation to the return of b3 transcripts detected
in RNAse Protection assays. The first neural plate derived
functional motor neurons, detected by their ability to drive
end-plate potentials in myocytes, can appear as early as
stage 19 or may be delayed until stage 24 (Blackshaw and
Warner, 1976b). Neurons and glia were first detected in the
neural tube by antibody staining between stages 20 and 23
(Messenger and Warner, 1989).
The fall in b3 transcripts was always apparent at stage 17
and in all experiments (n .. 8), except that illustrated in
s of reproduction in any form reserved.
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171Na Pump b3 Subunit and Neuronal DifferentiationFig. 1B, b3 had returned to levels close to, or above, those
bserved at stage 14 by stage 20, when the neural tube
loses (see above). b3 Transcript levels continued to in-
crease after closure of the neural tube, as neurons differen-
FIG. 1. The temporal expression of b3 transcripts. (A) Northern bl
ladder is to the right. A single band is detected at 1.8 Kb. (B) RNAse
tage and stage 25. Note fall in transcript levels at stage 17 and reco
the late blastula (stage 9) and early gastrula (stage 10.5) stages, but
b3 transcripts relative to ODC for a single batch in which data was c
Ordinate, b3 transcript levels relative to ODC; abscissa, stage of de
t stage 18. (D) Data collated from several batches showing the tem
Ordinate, b3 transcripts relative to ODC; abscissa, developmental s
4 for each stage.tiated. Burgener-Kairuz et al. (1994) and Good et al. (1989) a
Copyright © 2000 by Academic Press. All rightexamined the temporal expression of b3 transcripts in
enopus embryos by Northern blotting, making measure-
ents during neurulation at early neural plate (?stage 13)
nd late neural fold (?stage 18/19) stages (Burgener-Kairuz et
total RNAs probed with the b3 subunit probe. Stage 17. The RNA
ction assay to show temporal expression of b3 between the blastula
by stage 23. By contrast, b1 transcripts increased slightly between
ained more or less constant for the rest of neurulation. (C) Plot of
ted between the 64-cell stage and stage 25. RNAse protection assay.
pment. Note that b3 transcripts fall at stage 17, but are recovering
al changes in b3 mRNAs between the gastrula stage and stage 23.
The vertical bars give the standard error of the mean. n 5 at leastot of
prote
very
rem
ollec
velo
por
tage.l., 1994) and at stages 14/15 and 18/19 (Good et al., 1989)
s of reproduction in any form reserved.
172 Messenger and WarnerCopyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
ts
t
e
c
e
(
s
a
p
2
a
s
n
N
b
n
a
i
r
f
b
c
1
s
(
h
q
w
c
r
s
d
S
B
I
e
s
a
a
F
b
173Na Pump b3 Subunit and Neuronal Differentiationand concluded that b3 increased throughout neurulation. In
hose experiments, the transient decline in b3 transcripts at
stage 17 could easily have been overlooked.
Spatial Regulation of b3 Subunit Transcripts
Prior to gastrulation, b3 transcripts dominated in the
vegetal pole (see Messenger et al., in preparation) and
expression of b3 in endoderm cells was retained at all
ubsequent stages examined, without obvious modifica-
ion. At the beginning of gastrulation (stage 10.5), intense
xpression of b3 became apparent in dorsal lip mesoderm
ells (Fig. 2A). Invaginating mesoderm cells continued to
xpress b3 throughout gastrulation and as dorsal mesoderm
cells moved beneath the future neural plate, neural plate
cells began to express b3 (stage 12: Fig. 2B). At stages 14
when the neural folds begin to lift and the Na pump
witches on) and 16 (when the pump is fully activated) b3
was detected in all dorsal structures (Figs. 2C and 2D). b3
Transcripts spread out into lateral ectoderm cells on either
side of the neural plate, but gradually declined and disap-
peared in ventral ectoderm (not shown). By stage 17 (Fig. 2E)
b3 transcripts had declined in the neural plate and at stage
18 (Fig. 2F), b3 had fallen to a low level in the neural plate
nd begun to disappear also in the dorsal mesoderm. Ex-
ression in lateral ectoderm cells also began to fall. By stage
0, the end of neurulation (Fig. 2G), b3 transcripts had
disappeared from the notochord and somites, with only
patchy expression in the ectoderm. In the neural tube, b3
transcripts began to appear in ventro-lateral cells in the
neural tube (arrow), the site of future motor neurons.
The first neurons to differentiate in the Xenopus nervous
system are the motor neurons and Rohan Beard cells,
followed rapidly by the ventro-lateral interneurons. After
the neural tube had closed, the spatial distribution of b3
transcripts matched the distribution of motor neurons and
interneurons. At stage 25 (Fig. 3A) ventro-lateral cell bodies
were obviously identified by b3 transcripts. By stage 30,
lateral cell bodies also were apparent in the brain (Figs. 3B
FIG. 2. The spatial expression of b3 transcripts between stages 1
trophanthidin treated. np, neural plate; nt, neural tube; som, somit
, which were taken through the yolk plug with dorsal ectoderm a
n A, arrows indicate local dense expression in dorsal lip mesoderm
xpressing b3. Strophanthidin treatment does not induce cell d
trophanthidin-treated (K) embryos at stage 26 that had been staine
re present in the nervous system either dorsolaterally (J, control)
rrowed. A, B, Bar 5 150 mm; E, F, H, I, bar 5 100 mm; C, D, G, b
IG. 3. Spatial expression of b3 after neural tube closure. (A–D) C
indicate b3 expression in dorso-lateral regions of the otic vesicle (o
after treatment with strophanthidin between stages 14 and 20. Note
etween the expression pattern of b3 (F, H) and N-tubulin (G, I)
expressed in Rohan Beard cells (arrowed F, G). nt, neural tube; n
sections. Bar 5 100 mm. Note that the strophanthidin-treated embr
in this region than its sibling, shown in C.
Copyright © 2000 by Academic Press. All rightnd 3C). In the eye at this stage there was little b3 expres-
sion, except for the occasional cell at the lateral margins of
the retina (Fig. 3B), while in the otic vesicle, a small group
of dorso-lateral cells expressed b3 (Fig. 3C). At stage 35, b3
was detected in cells lining the inner surface of the retina
(Fig. 3D). Comparison with N-tubulin showed b3 tran-
cripts to be an excellent, and specific, marker of motor
eurons and interneurons. Figures 3F–3I compare
-tubulin and b3 in the spinal cord (Figs. 3F and 3G), and
brain (Figs. 3H and 3I). N-tubulin marks all neurons, while
b3 is expressed in the motor neurons and the interneurons,
ut not Rohan Beard cells (compare Figs. 3F and 3G). b3 was
ot expressed in the floor plate.
Despite the inherent variation from embryo to embryo
nd batch to batch, the temporal picture that emerged from
n situ studies on individual embryos matched the pattern
evealed by RNAse protection assay of several embryos
rom a number of batches. b3 Transcripts in dorsal struc-
tures fell during the mid to late neural fold stages and then
reappeared, specifically in differentiating motoneurons and
interneurons.
Inhibiting the Na Pump Modulates Expression
of b3
Figure 4 compares b3 transcript expression (determined
y RNAse Protection Assay) between stages 14 and 25 in
ontrol embryos (Fig. 4A) and sibling embryos treated with
026 M strophanthidin during neurulation (Fig. 4B). Mes-
enger and Warner (1979) and Breckenridge and Warner
1982) found that this concentration of strophanthidin in-
ibited substantially both the sodium pump and the subse-
uent differentiation of CNS neurons; recent experiments
ith the batch of strophanthidin used here confirmed this
onclusion. Figure 4C plots b3 mRNAs normalized with
espect to ODC levels in each sample for control and
trophanthidin-treated embryos. Control embryos repro-
uced the characteristic reduction in b3 at stage 17, fol-
lowed by a small increase at stage 20 and a substantial
arly gastrula) and 20 (neural tube closure). (A–G) Controls. (H, I)
, notochord; yp, yolk plug. All transverse sections apart from A and
top. In B, the yolk plug is just visible at the bottom of the panel.
G, arrow indicates position of future motor neuron that is already
in the nervous system. (J, K) Sections through control (J) and
the TUNEL procedure. In both embryos two TUNEL-positive cells
the roof plate (K, strophanthidin treated). TUNEL-positive cells
50 mm; J, K, bar 5 200 mm.
ol embryos at stage 25 (A), 30 (B, C), and 35 (D). In C, the arrows
D, arrow indicates b3 in the retina. (E) Sibling embryo at stage 30
b3 is not expressed in any dorsal structure. (F, G, H, I) Comparison
e spinal cord (F, G) and brain (H, I). Note that only N-tubulin is
tochord; som, somite; ov, otic vesicle; fp, floor plate. Transverse
E has hypertrophy in the brain and eyes and is substantially larger0.5 (e
e; nc
t the
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174 Messenger and Warnerincrease at stages 23 and 25, when neuronal differentiation
gets under way. In strophanthidin-treated siblings, b3 in-
creased rather than decreased between stages 14 and 20 and
then fell after the neural tube had closed; the characteristic
fall in b3 expression at stage 17 and subsequent rise after
closure of the neural tube no longer took place.
The spatial expression of b3 changed also when the Na
ump was inhibited. Figures 2H and 2I (S17, S18) show
trophanthidin-treated embryos for comparison with con-
rol siblings at the same stages (Figs. 2E and 2F). In
trophanthidin-treated embryos (Figs. 2H and 2I) the pat-
ern was reversed from that observed in the sibling controls:
b3 fell in the dorsal mesoderm but was maintained in the
eural plate (stage 17 (Fig. 2H), stage 18 (Fig. 2I)). b3
Expression in lateral ectoderm cells was stronger than in
controls and fell less steeply into ventro-lateral and ventral
regions. After the neural tube closed, b3 was eliminated
rom the nervous system, as predicted from experiments
howing that inhibiting the Na pump during neurulation
revents the subsequent differentiation of neurons (e.g.,
essenger and Warner, 1979). Figure 3E illustrates a section
t the level of the eyes through a strophanthidin-treated
mbryo at stage 30, which can be compared with a section
t the same level through its sibling control at stage 30 (Fig.
B). b3 failed to reappear in the cells that normally differ-
ntiate into motor neurons and interneurons and remained
ow throughout the nervous system. Similarly, neither
-tubulin nor Islet-2 were detected in motor and interneu-
ons (data not shown). Strophanthidin-treated embryos
howed the disorder and hypertrophy in the nervous system
nd eyes that characterizes embryos treated with a sodium
ump inhibitor during neurulation (see Messenger and
arner, 1979; Breckenridge and Warner, 1982). Expression
f b3 in endoderm cells remained as in controls.
Inhibiting the Na Pump Does Not Increase Cell
Death in the Nervous System
The possibility that all the consequences of inhibiting the
Na pump arise because of a selective, toxic effect during the
mid-neural fold stages has been discussed previously, and
considered to be unlikely (Messenger and Warner, 1979).
Recently, Hensey and Gautier (1998) used TUNEL staining,
which detects cells undergoing apoptosis, to examine cell
death in Xenopus embryos during normal development.
Although TUNEL staining may not detect all apoptotic
cells, it should reveal whether strophanthidin-treated em-
bryos differ significantly from their sibling controls. We
have used TUNEL staining to test directly the hypothesis
that an increase in cell death in the nervous system is
responsible for the elimination of CNS neurons after inhi-
bition of the Na pump.
Hensey and Gautier (1998) first detected TUNEL-positive
cells at the beginning of gastrulation, about 3 h after the
mid-blastula transition, suggesting an interval of approxi-
mately 3 h between the initiation of cell death and the
detection of TUNEL-positive cells. These authors noted
Copyright © 2000 by Academic Press. All rightery substantial variability in the level of cell death in
eurulating embryos. At stage 17, 64% of embryos exam-
ned were defined as TUNEL-positive, on the basis of at
east five TUNEL-positive cells in an embryo. Between
tages 18 and 20, Hensey and Gautier (1998) note only that
UNEL staining detectable in the nervous system declined,
ut do not comment on the percentage of TUNEL-positive
mbryos. Between stages 21 and 25, TUNEL staining was
ow, but 98% of embryos examined were TUNEL-positive.
t stage 26, 100% of embryos were TUNEL-positive.
The number of TUNEL-positive cells in control and
trophanthidin-treated embryos was compared at Stages 18
nd 26. At stage 18 cell death is minimal (Hensey and
autier, 1998), a reduction in the level of Xotch transcripts
s a consequence of Na pump inhibition (see below) is just
etectable at stage 17, and this is the earliest time at which
ell death induced directly by inhibiting the Na pump is
ikely to be detectable (3 h after the application of strophan-
hidin). By stage 26, approximately 15 h after the applica-
ion of the Na pump inhibitor, and 11 h after its with-
rawal, neuronal differentiation is well underway in
ontrols, with many b3-positive cells located lateral to the
floor plate, the position of differentiating motor neurons.
Strophanthidin-induced cell death that contributes to the
failure of neuronal differentiation would therefore be ex-
pected in ventro-lateral regions of the neural tube.
The mean number of TUNEL-positive cells in the ner-
vous system (see Methods) was calculated for each embryo
and the control and strophanthidin-treated populations
compared. Using the Hensey and Gautier (1998) criterion
(more than five TUNEL positive cells in an embryo), all
embryos examined were TUNEL-positive. In controls, cell
death varied substantially from embryo to embryo, as noted
by Hensey and Gautier (1998). At stage 18, the number of
TUNEL-positive cells in the nervous system of individual
embryos ranged from 1.8 6 0.3 to 23.1 6 2.9 cells per
section. The distribution of TUNEL-positive cells was as
observed previously, with the greatest density of dying cells
at the anterior end, although TUNEL-positive cells were
observed throughout the nervous system, in dorsal and
dorso-lateral regions of the developing neural tube.
Strophanthidin-treated embryos showed similar variability
(range: zero to 4.8 6 0.33). Because of the inherent variabil-
ity in both populations, the two distributions overlap.
However, there were significantly fewer dead cells in the
nervous system of the strophanthidin-treated population
(control mean, 7.8 6 2.9, n 5 8 embryos; strophanthidin
mean, 1.78 6 0.73, n 5 8; P , 0.04). Thus there was no
suggestion that strophanthidin treatment increased cell
death in the nervous system. The results are more consis-
tent with a protective effect of Na pump inhibition.
By stage 26, substantial numbers of motor neurons and
some interneurons, identified by expression of b3, are de-
tected in controls, while embryos treated with strophanthi-
din 15 h earlier, from stages 14 to 20, lack both motor
neurons and interneurons. If cell death is responsible for the
absence of neuronal differentiation after Na pump inhibi-
s of reproduction in any form reserved.
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vous system, located at the sites of putative motor neurons.
Controls and strophanthidin-treated embryos were not
distinguishable on the basis of the number of TUNEL-
positive cells in the nervous system. In both sets of embryos
the absolute numbers of TUNEL-positive cells were very
low and not significantly different (control mean, 0.4 6
.12, n 5 9; strophanthidin mean, 0.58 6 0.09, n 5 9; P .
0.3). In both control and strophanthidin-treated embryos,
TUNEL-positive cells were located in dorsal and dorso-
lateral regions of the neural tube. Figures 2K and 2L show
examples of a control (Fig. 2K) and a strophanthidin-treated
embryo (Fig. 2L) at stage 26. We conclude that after inhib-
iting the Na pump, cell death does not contribute to the
failure of CNS neurons to differentiate.
Inhibiting the Na Pump Switches Off Xotch and
N-Tubulin, but Not X-Delta, NeuroD, or GSK3b
A number of genes are first expressed in the nervous
system during neurulation. X-Delta and Xotch appear
shortly after N-CAM, are succeeded by NeuroD, and
N-tubulin transcripts follow at stage 13 to 13.5. X-Delta is
expressed in six stripes corresponding to the future posi-
tions of the motor neurons, interneurons, and Rohan Beard
neurons. GSK3b acts as a negative regulator of NeuroD;
hen GSK3b rises, neuronal differentiation is suppressed
FIG. 4. Inhibiting the Na pump abolishes the transient fall in b3
during neurulation. RNAse protection assays comparing the tem-
poral expression pattern of b3 in control embryos (A) and siblings
treated with strophanthidin (1026 M) between stages 14 and 20 (B).
C) Quantitative comparison of b3 transcript levels. Ordinate, b3
mRNAs relative to ODC; abscissa, developmental stage. Note that
control embryos show the normal transient suppression of b3
during the mid- to late neural fold stages while in strophanthidin-
treated embryos b3 is maintained until the neural tube closes and
then falls.(Pierce and Kimmelman, 1995; Marcus et al., 1998). All five
Copyright © 2000 by Academic Press. All rightenes are expressed throughout neurulation, with
-tubulin subsequently being restricted to differentiated
eurons. X-Delta encodes an inhibitory protein that inter-
cts with the extracellular domain of the Xotch protein.
When X-Delta is overexpressed during neurulation, neuro-
nal differentiation is inhibited (Chitnis et al., 1995), while
overexpression or ectopic expression of NeuroD increases
the number of neural plate cells that express N-tubulin and
become neurons. One possible explanation for the conse-
quences of inhibiting the Na pump during neurulation is
that expression of X-Delta increases, with consequent re-
duction in differentiated neurons. Alternatively, inhibition
of the Na pump might suppress NeuroD, either directly, or
by increasing GSK3b, which also would reduce neuronal
ifferentiation.
These possibilities were tested by comparing the time
ourse of expression of X-Delta, Xotch, NeuroD, GSK3b,
FIG. 5. Inhibiting the Na pump suppresses expression of Xotch
and N-tubulin, but not X-Delta, NeuroD, or GSK3b. (A) RNAse
protection assays to show the decline of N-tubulin and Xotch
transcripts in embryos treated with strophanthidin between stages
14 and 20. In both cases transcript levels have declined substan-
tially by stage 20 and are still very low at stage 30. (B) Time course
of expression of Xotch and X-Delta between stages 14 and 25 in
control embryos and embryos treated with strophanthidin between
stages 14 and 20. A fall in Xotch transcripts is apparent at stage 17
and remains low after strophanthidin is removed. X-Delta tran-
scripts do not change. (C) Temporal expression of NeuroD and
GSK3b between stages 14 and 23 in control and strophanthidin-
treated embryos. Inhibiting the Na pump does not modify tran-
script expression.
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177Na Pump b3 Subunit and Neuronal Differentiationand N-tubulin during neurulation in embryos treated with
strophanthidin from stage 14 with that in untreated sib-
lings. The outcome is illustrated in Fig. 5. Xotch and
N-tubulin mRNAs declined when the Na pump was inhib-
ited. A substantial fall in Xotch and N-tubulin transcripts
was obvious by stage 20, and by stage 30 both had fallen to
very low levels (Fig. 5A). Figure 5B compares Xotch and
-Delta when the Na pump was inhibited. A substantial
all in Xotch mRNAs was not apparent until stage 20,
lthough quantitative analysis showed that a small effect
as apparent by stage 17. The temporal expression of
-Delta did not change (Fig. 5B). The expression of NeuroD
etween stages 14 and 25 was little different in control and
trophanthidin-treated embryos (Fig. 5C), and there was
ittle change also in the level of GSK3b (Fig. 5C). The fall in
both Xotch and N-tubulin transcripts after Na pump inhi-
bition succeeded the changes in b3, where a major differ-
ence in transcript levels was obvious by stage 17 (see, e.g.,
Figs. 1, 4, 5, and 7). Thus, inhibiting the sodium pump
suppresses expression of the Xotch receptor.
Figure 6 compares the distribution of cells in the nervous
system expressing X-Delta and Xotch in control and
strophanthidin-treated embryos. At stage 17 (Fig. 6A),
prominent expression of X-Delta was detected in ventro-
lateral cells on either side of the floor plate, matching the
central pair of stripes detected in whole mounts (e.g.,
Chitnis et al., 1995), while there is widespread expression of
Xotch (Fig. 6F). The distribution of Xotch and X-Delta was
virtually identical in strophanthidin-treated embryos, as
predicted by Fig. 5B (data not shown). At stage 21, expres-
sion of X-Delta remained restricted to ventro-lateral and
lateral cells, the future sites of differentiating motor neu-
rons, and interneurons in the neural tube, in both control
and strophanthidin-treated embryos (Figs. 6B and 6D). The
expression of Xotch was more diffuse, but was restricted to
the deep layer of the neural plate (Fig. 6G). Strophanthidin
treatment abolished Xotch from the neural tube and re-
duced expression in the somites (Fig. 6J). In controls at later
stages (33 to 35) the relative positions of Xotch and X-Delta
shifted. Xotch expressing cells lay in the germinal layer of
the neural tube (Figs. 6H and 6I), while X-Delta-expressing
cells were found in the adjacent layers in the mantle zone
Strophanthidin treated. Xotch is not detected in neural tube cells, a
he stain has precipitated within the otic vesicles and there is pr
ctoderm.
IG. 7. Overexpression of b3 suppresses Xotch. (A) The time cou
that had been injected with a CMV1. b3 RNA sense construct at th
nt) and endogenous (140 nt) b3 transcripts). Control embryos repro
tages. Embryos injected with b3 sense RNAs express both exogen
fall in b3 transcripts at stage 17 is overridden when b3 is overexpres
C) b3 (B) and Xotch (C) in control embryos. b3 is confined to the de
of the neural tube, with expression also in the somites, but little in
etected throughout the neural tube, the lateral mesoderm, somite
xpression of Xotch is now apparent in the ectoderm. Bar 5 100 mm. n
Copyright © 2000 by Academic Press. All right(Fig. 6C), where cells destined to differentiate into neurons
reside, as they move from the germinal zone to the marginal
zone. The marginal zone, which contains the cell bodies of
differentiated neurons, showed only weak expression of
both Xotch and X-Delta. In strophanthidin-treated embryos
the abolition of Xotch expression throughout the nervous
system apparent at stage 21 was maintained at stages 30
(Fig. 6K) and 35 (Fig. 6L). The pattern of X-Delta was similar
to that in controls (Fig. 6E, stage 35), despite substantial
distortion of the neural tube brought about by strophanthi-
din treatment. We conclude that a major consequence of
inhibiting the Na pump during neurulation is the elimina-
tion of Xotch from the nervous system, which begins in late
neural fold stage embryos and is maintained until at least
stage 35.
Overexpression of b3
The reduction in b3 transcripts that follows activation of
the Na pump no longer takes place if the sodium pump is
inhibited. b3 transcript levels increase and lead to substan-
tial reductions in expression of Xotch and N-tubulin. To
test whether maintenance of b3 transcripts in the neural
plate had the same consequence as inhibiting the Na pump,
embryos at the one-cell stage were injected with sense b3
RNA transcribed from the CS21 construct (see Methods).
The consequences of any alterations in Na pumping, such
as alterations in intracellular sodium, will be experienced
by all neural plate cells, which are electrically coupled by
gap junctions to each other and to the underlying notochord
throughout neurulation (Warner, 1973; Breckenridge and
Warner, 1982). Temporal expression of b3 RNA transcripts
n injected embryos were assayed with RPA and the spatial
istribution of b3 and Xotch transcripts revealed by in situ
hybridization at stage 22.
Embryos at the one-cell stage were injected with b3 sense
NAs and a 1:1 mixture of sense and antisense. The
evelopment of embryos injected with the sense/antisense
ixture was normal compared with uninjected controls
uninjected: 5% dead, 4% exogastrulae, 92% normal, n 5
09; sense 1 antisense: 4% dead, 3% exogastrulae, 93%
normal, n 5 73) and there was no significant difference
gh there may be weak expression in some cells in the otic vesicle.
tate in some intercellular spaces. Pigment cells are visible in the
f b3 transcript expression in control embryos and sibling embryos
e-cell stage. A single probe was used to detect both exogenous (440
the normal transient fall in b3 during the mid- to late neural fold
nd endogenous transcripts. Note that the characteristic transient
(B, C, D, E) In situ hybridization of sibling embryos at stage 22. (B,
ing motor neurons, while Xotch is widely expressed in outer cells
ectoderm. In embryos that overexpress b3 (D, E), b3 transcripts are
d notochord (D), while Xotch is not detectable. However, intenselthou
ecipi
rse o
e on
duce
ous a
sed.
velop
the
s, ant, neural tube; nc, notochord; som, somite.
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178 Messenger and Warnerbetween them (P . 0.9). However, when injected alone,
sense RNAs increased the proportion of both dead and
exogastrulating embryos (b3 sense: 12% dead, 14% exo-
gastrulae, 74% normal, n 5 112). This is not surprising.
The sodium pump is intimately involved in generating the
blastocoel and overexpression of one of the Na pump
subunits would be predicted to modify the pattern of fluid
transfer from cells to blastocoel (see Slack and Warner,
1973). The early consequences of manipulating Na pump b
subunits are considered in more detail in Messenger et al.
(in press). Once neurulation began, many sense injected
embryos began to develop anterior defects once they had
moved past the mid-neurula stages (stage 17) and survival
fell as the neural tube closed.
Figure 7A shows RNAse protection assays in controls and
b3 sense RNA-injected embryos between stages 9 and 20.
For these assays, a probe that included part of the cs21
vector was used, which allows detection of both injected
and endogenous b3. In the controls, the probe detected a
single band at 140 nt, the size predicted for endogenous
mRNAs and revealed the usual transient fall in b3 tran-
scripts at stage 17. Two bands were detected in sense-
injected embryos, one at 440 nt, the predicted size for
injected RNAs; the lower band at 140 nt reflects expression
of endogenous b3. In embryos injected with the sense
onstruct neither exogenous nor endogenous transcripts
eclined at stage 17 (Fig. 7A), suggesting that expression of
he sense construct may have modified the normal b3
expression pattern. In situ hybridization at stage 22 re-
vealed widespread expression of b3 RNAs (compare Figs. 7B
nd 7C). Figures 7D and 7E show that in b3 overexpressing
mbryos, Xotch transcripts disappeared from the neural
ube and somites, but were detected at high levels in the
ctoderm, from which they are normally excluded. Thus
aintenance of high levels of expression of transcripts for
he b3 subunit of the sodium pump during neurulation
abolishes Xotch mRNAs from the nervous system, as did
strophanthidin treatment. Similar experiments in which
csKa b3 DNA plasmids were injected gave the same result,
suggesting that mosaic expression of injected DNAs is
overcome by smoothing of the functional consequences of
modulating Na pump activity via the gap junctional path-
way.
DISCUSSION
This paper shows that the temporal and spatial expres-
sion patterns of transcripts for the b3 subunit of the sodium
pump, but not the a1 or b1 subunits, are linked to the
changes in Na pump activity that occur in neural plate cells
during neurulation. A major consequence of inhibiting the
sodium pump is to eliminate expression of Xotch, one of
the genes involved in determining the proportion of neural
plate cells that differentiate into neurons. We could find no
evidence to suggest that inhibiting the sodium pump pro-
voked cell death in the nervous system.
Copyright © 2000 by Academic Press. All rightFigure 8 compares the time course of the changes in Na
ump activity during neurulation with the behavior of Na
ump subunit transcripts. Functional activation of addi-
ional, neural plate-specific sodium pumps is signaled by
he appearance of a large, electrogenic contribution to the
embrane potentials of neural plate cells at developmental
tage 14, when the neural folds begin to lift (Fig. 8A;
lackshaw and Warner, 1976a). These additional Na pumps
enerate a precipitate, threefold fall in intracellular sodium
n neural plate cells, but not in nonneural ectoderm cells
Fig. 8A; Breckenridge and Warner, 1982). The membrane
otentials and intracellular sodium reach a new steady state
t about stage 17. The increase in membrane potential and
all in intracellular sodium are mirrored by a substantial
ecline in b3 transcripts (Fig. 8B), with both intracellular
sodium and b3 mRNAs reaching a minimum at the end of
the mid-neural fold stages. When the sodium pump is
FIG. 8. Diagram summarizing the alterations in Na pump activity
in neural plate cells (A) and the concomitant alterations in tran-
script levels for the a1, b1, and b3 subunits of the Na pump between
the mid-gastrula stage (10.5) and closure of the neural tube (stage
23) (B). While additional Na pumps are activated in the neural plate
the membrane potentials of neural plate cells increase and intra-
cellular sodium falls (A). Functional activation begins at stage 14
and neural plate sodium pumps reach a new steady state at about
stage 17. Note that b3 transcript levels fall when the Na pump is
activated and return once the Na pump reaches a new steady state.
Membrane potential data taken from Blackshaw and Warner
(1976a); intracellular Na from Breckenridge and Warner (1982); a1
from Davies et al., (1996); b3 and b1 from the present paper.inhibited by the cardiac glycoside strophanthidin, intracel-
s of reproduction in any form reserved.
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179Na Pump b3 Subunit and Neuronal Differentiationlular sodium no longer falls in neural plate cells (Brecken-
ridge and Warner, 1982) and b3 transcripts in the neural
late are maintained at, or above, control levels at stage 14
ntil the neural tube has closed (Fig. 4). Transcripts for the
b1 subunit show little temporal or spatial change in expres-
ion during neurulation (Fig. 8B). The only a subunit of the
Na pump detected before the neural tube has closed is an
embryonic a1 isoform (Davies et al., 1996). a1 Subunit
transcripts increased threefold between the end of gastrula-
tion (stage 12) and lifting of the neural folds (stage 14) and
then continued to increase steadily through to the early
tadpole stage (stage 26) (Fig. 8B). Spatial expression of a1 in
esoderm, neural plate, and lateral ectoderm cells was
niform between stages 14 and 20. We conclude that of the
hree sodium pump subunits detected in neurulating Xeno-
us embryos, only b3 transcripts are regulated by the Na
ump.
The triggers for the initial insertion of additional Na
umps into neural plate cell membranes and their subse-
uent functional activation remain unclear. Although func-
ional activation does not normally take place until stage 14
o 14.5, neural plate Na pumps can be switched on from
tage 13 to 13.5 onward by raising extracellular potassium
Blackshaw and Warner, 1976a). This suggests that the
dditional, neural plate-specific Na pumps are inserted into
eural plate cell membranes by about stage 13. Early
ctivation of the neural plate-specific Na pumps produces a
5% increase in subsequent neuronal differentiation (E. A.
essenger and A. E. Warner, quoted in Warner, 1981),
ndicating that the mechanisms that mediate the conse-
uences of activation of the Na pump also are already in
lace by stage 13. If increased transcript availability pro-
ided the trigger, an increase in mRNAs for a1, b3, and/or b1
would be expected at about stage 12. b1 mRNAs show
rather little variation, while b3 transcripts do not increase
t the appropriate developmental stage. a1 Subunit tran-
cripts increase by 30% between stages 10.5 and 12 and by
bout threefold between stages 12 and 14 (Davies et al.,
996), but within the context of a steady increase in a1
transcript levels from the mid-blastula transition to stage
26 (Fig. 8B). Spatial expression patterns for b3 (present
results), a1 (Davies et al., 1996), and b1 (present results)
ubunit transcripts do not suggest any restriction to deep
ells of the neural plate, where these events are taking
lace. Nevertheless, Davies et al. (1996), using a specific
eptide antibody raised against the a1 subunit protein,
detected new Na pumps at the basal surface of deep neural
plate cells. Taken together, these observations do not pro-
vide a compelling case for increased transcript availability
as the trigger for the generation of neural plate specific Na
pumps. The generation of additional, membrane-inserted
Na pumps in neural plate cells may be a consequence of
neural induction through translational or posttranslational
control mechanisms, which do not require increased Na
pump subunit transcript availability.
Could an increase in intracellular sodium control some of
these events? It is well established that a rise in Nai can
Copyright © 2000 by Academic Press. All righttrigger an increase in sodium pumping (see, for a recent
example, Yamamoto et al., 1994). Breckenridge and Warner
(1982) noted that at stages 12 to 13, intracellular sodium in
neural plate cells was about 30 mM, as opposed to 20 mM
in blastula-stage ectoderm cells (Slack et al., 1973). How-
ever, intracellular Na in the nonneural ectoderm also was
about 30 mM, which suggests that the increase in Nai is not
the result of neural induction. Additionally, an increase in
Nai has been found to lead promptly to increased pumping.
or example, in the experiments of Yamamoto et al. (1994),
increased Na efflux driven by the Na pump followed very
rapidly (about 30 s) upon an increase in Nai induced by
veratridine. If an increase in intracellular Na is the trigger
for the insertion of additional Na pumps into neural plate
cell membranes, these pumps must have activation charac-
teristics that are quite different from the Na pumps that
preexist in nonneural ectoderm and neural plate cell mem-
branes. Can a case be made for a rise in intracellular sodium
underlying the functional activation that begins at stage 14?
Breckenridge and Warner (1982) did not report any obvious
change in Nai as the time of Na pump activation ap-
proached. In summary, there is no substantial evidence to
suggest that alterations in Nai control either the insertion
or the activation of additional Na pumps in neural plate cell
membranes. Similar arguments can be made against a
controlling role for extracellular potassium (see Brecken-
ridge and Warner, 1982; Gillespie, 1983).
Once the additional Na pumps have been activated, b3
transcript levels fall in parallel with decreasing Nai (Fig. 8).
his implies that after functional activation, b3 mRNA
levels may be directly linked to intracellular sodium. The
maintenance of b3 transcripts when the Na pump is inhib-
ted fits this view: intracellular sodium then either returns,
r remains close, to 30 mM, the level pertaining before
ump activation, and continues to increase so long as the
ump is inhibited (Breckenridge and Warner, 1982). This
uggests that the promoter region for the b3 subunit may
ontain a sodium responsive element, as previously ob-
erved for both a and b subunit isoforms. The finding that
only one of the three transcripts expressed in the neural
plate is Na sensitive is not unusual and parallels observa-
tions made in, for example, rat liver cells (Kirtane et al.,
1994) and rat vascular smooth muscle (Yamamoto et al.,
1994).
One of the major consequences of blocking the Na pump
during the mid-neural fold stages is to prevent the differen-
tiation of neurons after the neural tube closes and it is not
surprising that the expression of N-tubulin, a marker for
differentiated neurons, declines to very low levels. The
sensitive period is restricted to a narrow window during
neurulation, covering the interval over which intracellular
Na and b3 mRNAs fall precipitately. After stage 17, neuro-
al differentiation ceases to be sensitive to Na pump
nhibition (Messenger and Warner, 1979), which matches
he time when intracellular Na has reached a new steady
tate, and b3 transcripts have declined maximally. As soonas the neural tube closes future motor neurons and inter-
s of reproduction in any form reserved.
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180 Messenger and Warnerneurons, but not Rohan Beard neurons, express b3 tran-
cripts. This expression pattern is retained by differentiated
eurons, which are first detected by neurofilament-specific
ntibodies between stages 20 and 23/24 (Messenger and
arner, 1989), close to the time when motor neurons first
egin to drive end plate potentials in myotomal muscle
ells (Blackshaw and Warner, 1976b). The expression pat-
ern for b3 early in neural development fits with the Good et
l. (1990) conclusion that b3 is expressed throughout the
eveloping brain. When the Na pump is inhibited, and
eurons fail to differentiate, b3 transcripts remain high
during neurulation but disappear from the nervous system
after the neural tube has closed, like transcripts for
N-tubulin. About 2 h after neural tube closure (and with-
drawal of the Na pump inhibitor) transcript levels are very
low. The time course of the recovery of intracellular so-
dium when the inhibitor is withdrawn is not known, but
strophanthidin inhibition of the Na pump is rapidly revers-
ible (see, for example, Blackshaw and Warner, 1976a) and
Na pumping should resume almost immediately. It seems
likely that the fall in b3 transcripts after closure of the
neural tube in Na pump-inhibited embryos is linked to the
failure of neuronal differentiation rather than levels of
intracellular sodium.
One possible explanation for the failure of CNS motor
neurons and interneurons to differentiate is that inhibiting
the Na pump provokes cell death in the nervous system.
There is no evidence in the literature to suggest that
inhibiting the Na pump is toxic (see Messenger and Warner,
1979, for further discussion). The point was examined by
comparing the number of cells in the nervous system that
could be detected by TUNEL staining in controls and
strophanthidin-treated embryos. There was no suggestion
that inhibiting the Na pump induced substantial cell death.
We conclude that cell death is not responsible for the failure
of CNS neurons to differentiate.
Xotch and X-Delta have been identified as genes acti-
vated by neural induction that are involved in determining
the proportion of neural plate cells that differentiate into
neurons. Xotch acts as a receptor for the product of the gene
-Delta, which acts as an inhibitory ligand. It is now
enerally held that (X)Notch signaling is an evolutionarily
ncient mechanism that is used to both amplify and con-
olidate molecular differences between adjacent cells (see
rtavanis-Tsakonas et al., 1999, for review). In the early
enopus nervous system, overexpression of X-Delta re-
uces the number of cells that subsequently express the
euronal marker N-tubulin (Chitnis et al., 1995), presum-
bly because a greater number of Xotch receptors are bound
y the inhibitory Delta protein. On the basis of these
xperiments in early neurulae, a plausible explanation for
he reduction in the differentiation of neurons from neural
late cells would be an increase in the expression of X-Delta
hen the Na pump is inhibited.
An equally plausible explanation, again based on obser-
ations in early neurulae, would be that inhibiting the Na
ump reduces the expression of NeuroD, which lies down-
Copyright © 2000 by Academic Press. All righttream of X-Delta and Xotch and is expressed in normal
evelopment just before N-tubulin. Ectopic expression of
euroD induces ectopic differentiation of neurons. Alter-
atively, the Na pump could modulate the levels of GSK3b,
which acts as a negative regulator of NeuroD (Pierce and
Kimmelman, 1995; Marcus et al., 1998).
All these explanations are wrong. Transcript levels for
X-Delta, NeuroD, and GSK3b do not change, but Xotch
transcripts decline when activation of the sodium pump is
prevented. This is just apparent at stage 17 and is substan-
tial by the time that the neural tube closes about 2 h later
at stage 20/21. In situ hybridization showed that at stage
20/21, X-Delta is primarily detected in cells in the deep
layer of the neural tube, in regions that give rise to motor
neurons and interneurons. Xotch is detected in the same
layer, but is more diffuse. By stages 30 to 35, cells express-
ing Xotch (predominantly germinal layer) and X-Delta (pre-
dominantly mantle layer) had separated into adjacent layers
of the neural tube. After inhibition of the Na pump, Xotch
expression in the neural tube had been abolished by stage 21
and had not returned by stage 35. Expression of X-Delta was
little different between controls and strophanthidin-treated
embryos and even at stage 35, X-Delta continued to pre-
dominate in the mantle layer of the neural tube despite
abolition of Xotch from the neuro-epithelial layer.
These observations do not fit with current predictions
(see Chitnis, 1995), which suggest that removal of Xotch
from the Delta–Xotch negative feedback loop should en-
hance, not suppress, neuronal differentiation. However,
this conceptual framework is based on analyses of the roles
of X-Delta and Xotch in Xenopus embryos before stage 14
and may not apply at later stages of neurulation, after the
Na pump has switched on. It seems that, in general, the role
of the Delta–N(X)otch interaction is to amplify differences
between cells and groups of cells. For example, in the eye
disc of Drosophila both gain of function and loss of function
Notch mutations prevent precursors of the R3 and R4
photoreceptors from responding differentially to signals
emanating from the eye disc (see Artavanis-Tsakonas et al.,
1999). In the Xenopus nervous system, constitutively active
forms of Xotch oppose neuronal differentiation and induce
hypertrophy (e.g., Coffman et al., 1993). The present results
mply that after stage 17, complete loss of the Xotch
receptor also opposes neuronal differentiation, suggesting
that Xotch may play a greater role in neuronal differentia-
tion than has hitherto been supposed.
What triggers the decline in Xotch expression? In normal
development, intracellular Na and b3 transcripts are both
ery low by stage 17. When the Na pump is inhibited, b3
transcripts at stage 17 remain close to levels observed
before the Na pump is switched on and are still high at stage
20. This implies that either the failure of intracellular Na to
fall or the maintenance of b3 transcripts could trigger the
ecline in Xotch, which is initiated at about the time when
ntracellular Na and b3 transcripts would normally be very
low. When b3 transcripts are maintained during neurulation
by overexpression, which overrides the endogenous, tran-
s of reproduction in any form reserved.
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181Na Pump b3 Subunit and Neuronal Differentiationsient fall in b3 mRNAs during neurulation, and maintains
b3 beyond stage 20, the consequence for Xotch is even more
ramatic. By stage 22, when Xotch is detected in both
eural tube and somites in control embryos, Xotch tran-
cripts were not found in any dorsal structure, but were
trongly expressed throughout the ectoderm, from which
otch is normally excluded. However, the two manipula-
ions are not absolutely equivalent. Overexpression by
njection of an RNA construct maintains b3 after the neural
ube has closed, while strophanthidin treatment causes b3
to fall when the neural tube closes, at the time when
neurons begin to differentiate. It also is not easy to predict
what happens to intracellular Na when b3 mRNAs are
aintained by overexpression rather than strophanthidin
reatment. Endogenous Na pumps, which will be under
evelopmental control, may continue to be activated, re-
uce intracellular Na and switch off neural plate-specific b3
transcripts. If that explanation is correct, then Xotch tran-
script expression could be linked directly to b3 rather than
ntracellular Na. Breckenridge and Warner (1982) showed
hat manipulation of intracellular Na, achieved by modify-
ng extracellular concentrations of calcium and sodium, can
ppose the consequences of inhibiting the Na pump and
xperiments along these lines might help to resolve such
uestions.
The fall in Xotch transcripts after Na pump inhibition
as just apparent at stage 17, when b3 transcripts normally
reach a minimum, although the reductions in both Xotch
and N-tubulin were not obvious until stage 20, immedi-
ately before primary neuronal differentiation begins. The
reduction in N-tubulin thus occurs in parallel with the
decline in Xotch, rather than subsequent to it, which makes
it difficult to suppose that the fall in N-tubulin is a
consequence of the decline in Xotch. It is more consistent
with the effects of Na pump inhibition on Xotch and
N-tubulin being effected through parallel, rather than se-
quential, mechanisms. A number of genes have been iden-
tified that are linked to neuronal fate and differentiation in
the neural plate and it is likely that others are yet to be
identified. Analysis of a wider range will be necessary to
resolve these questions. It also will be interesting to explore
how the signaling molecule noradrenaline enters into the
equation, since low concentrations of noradrenaline act
synergistically with noggin to promote both N-tubulin
ubulin expression and the appearance of differentiated
eurons without effect on either Xotch or X-Delta (Messen-
er et al., 1999). Blocking synthesis of noradrenaline, or
locking noradrenergic receptors during neurulation is an
fficient method of inhibiting neuronal differentiation
Rowe et al., 1993). Preliminary experiments (Rowe, S.,
essenger, N., and Warner, A., unpublished) indicate that
he signaling system controlled by noradrenaline does in-
eract with that controlled by the Na pump.
The main conclusion of this paper is that the catastrophic
onsequences for neuronal differentiation that follow inhi-
ition of the Na pump are mediated by the b3 subunit of the
odium pump. Xotch transcripts decline dramatically when
Copyright © 2000 by Academic Press. All righthe Na pump is inhibited or b3 transcripts are overex-
pressed. Thus, the maintenance of Xotch transcripts in
orsal structures and the subsequent differentiation of
eurons expressing b3 and N-tubulin transcripts all require
that b3 mRNAs fall in the neural plate during the mid-
neural fold stages. Neuronal differentiation ceases to be
sensitive to Na pump inhibition after stage 17, which
suggests that although genes that identify cells that will
become neurons appear as early as stage 13.5, final commit-
ment to a neuronal fate does not occur until after stage 17.
It is not yet possible to decide whether inhibiting the Na
pump freezes cells in a quasi-differentiated state or pro-
vokes cells to choose an alternative fate. Although the
detailed control mechanisms have yet to be worked out, the
results suggest that events initiated during neural induction
require a series of important interactions in neural plate
cells during the mid-neural fold stages, mediated by the
sodium pump and controlling the expression of Xotch, if
hey are to culminate in the differentiation of neurons.
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